ABSTRACT: Because of their specific physical characteristics (altitude, slope, orientation, climate), mountain environments have an important natural diversity. In particular, their geodiversity is generally much larger than in the lowlands, and because mountain geosites are often very aesthetic, mountain areas present a great potential for geoheritage, geoconservation and geotourism studies. This paper reviews six reasons why this potential is high and concludes that mountain areas are particularly interesting to develop educational programs on three current environmental issues: climate change; natural hazards; and human impacts on particularly sensitive geomorphological environments. Then, the paper reviews the principal research in the field of geoheritage currently carried out on these three topics and presents two case studies in the Italian Dolomites and the Swiss Alps.
Introduction: mountains as open-air laboratories for environment education
Heritage is a complex concept, both contested and culturally constructed, depending on personal and collective backgrounds and experiences. The perception and the definition of what constitutes heritage, its significance and the way it should be preserved and used may vary deeply from person to person or at least from groups of people or communities to others (Aplin 2002) . Frequently heritage is artificially divided into natural and cultural components (e.g. World heritage), even if this kind of distinction is often meaningless and almost always blurred. The artificiality of such division is clearly witnessed by geomorphosites (Panizza 2001; Reynard et al. 2009 ) and more in general by the concept of geological or geomorphological landscape (Reynard 2005) . We observe and admire many landscapes, which have been altered by human activities -the so-called »cultural landscapes« -and which represent the relationships between physical and anthropogenic components that interacted, are conditioned and still condition the landscape, in space and in time.
Referring to what is stated in the Declaration of the rights of the international memory of the Earth, »ourhistoryandthehistoryoftheEarthcannotbeseparated.Itsoriginsareourorigins,itshistoryisourhistoryanditsfuturewillbeourfuture« and »asanancienttreeretainstherecordofitslifeandgrowth,the Earthretainsmemoriesofthepastinscribedbothinitsdepthsandonitssurface,intherocksandinthelandscape,a recordwhichcanbereadandtranslated« (Actes … 1994, 273) . Since the geological landscapes have recorded the whole history of the Earth -the geohistory (see Pralong 2006 ) -, landforms are the visible symbols and the perceptible evidence of this continuous evolution. For this reason the landscape should be perceived and offered as a value, as a heritage.
Recent decades have witnessed an exponential growth of scientific research in mountain environments (e.g. Beniston 2003; Gruber et al. 2012) and in this context the value of geoheritage in mountain areas has been re-discovered in various parts of the Alps (Reynard et al. 2011 ) and other mountain ranges.
Several characteristics make the mountain environments areas with a great potential for geoheritage, geoconservation and geotourism studies (Giusti et al. 2013 ):
• Mountain areas are internally diverse, variable and dynamic, due to their elevation, relief, and exposure.
They are, therefore, recognized as natural areas with a very high geodiversity, especially the Alpine collisional orogens (Benito-Calvo et al. 2009 ) in contrast with Tertiary foreland sedimentary basins. This high landform diversity (Thomas 2012, Zwolişski and Stachoviak 2012) , often over very short distances, provides open-air laboratories where processes and landscape evolution can be studied and transmitted to a non-specialized public.
• Mountain areas often combine active landforms and processes (active geomorphosites) and inherited landforms (passive geomorphosites) (Thomas 2012; Pelfini and Bollati 2014) , as well as evolving passive geomorphosites (Pelfini and Bollati 2014) , that is inherited landforms that are reactivated by current active processes. In particular, many mountain areas show clear evidence of late-Pleistocene glaciations and, more in general, evidence of processes that have occurred in different morphoclimatic systems. The active geomorphosites have a high educational value because they allow us to: understand and visualize geomorphological processes in action; envisage the landscape evolution; highlight their relationship with present societies and their future development. Passive geomorphosites, which bring us to the past, have a particular heritage value as records and symbols of Earth's history and evolution. • Many mountain environments, especially the glacial ones, are very sensitive areas, particularly vulnerable to disturbance and prone to change, where climate change impacts are very acute (e.g. Ravanel (2011) on rockfalls, Stoffel and Huggel (2012) on mass movements, and Haeberli and Beniston (1998) on the cryosphere). Changes are visible at very short time scales and may generate active processes, very evident to observe, such as landslides, thermokarstic landforms or rockfalls due to permafrost melting.
• Mountain areas are also sensitive to natural hazards related to snow processes (avalanches), fluvial and torrential processes (Wohl 2000) , as well as processes related to the melting of the cryosphere (Haeberli 1992 ).
• Mountain landscapes have often a central aesthetic character, which was at the basis of the tourism development in the Alps in the 18 th century (Nicolson 1959 ) and which confers a great potential for the development of geotourism (Cayla 2010) . In fact, one could start from aesthetic and landscape perceptions in order to stimulate the knowledge of geological-geomorphological components of the landscape in the general public.
• Finally, mountain ranges, in particular the Alps, have been at the core of important discoveries in the Earth sciences, such as the concept of nappes by M. A. Bertrand (Dal Piaz 2001) , the pluri-glacialism (Penck and Bruckner 1909) or the origin of erratic blocks (e.g. Reynard 2004 ). These characteristics make mountain areas particularly suitable for educational and tourist purposes. This paper focuses on the importance of mountain geomorphosites for environmental education. It is based on the idea that, because of the characteristics listed above, mountain environments are sites particularly interesting for communicating and educating people (e.g. tourists, scholars) on three main current environmental issues:
• climate change and its impacts on societies, and related adaptation measures; • natural hazards related to climate forcing and human pressure on the environment; • human impacts on particularly sensitive geomorphological environments.
After having briefly reviewed the current research carried out on these three topics, we propose two case studies, in the Italian Dolomites and in the Swiss Alps, before a discussion on the interest of mountain geomorphosites for environmental education.
Current research on mountain geomorphosites
We have already reviewed the main improvements concerning research on geomorphosites during the last twelve years ). Here we focus on the three thematic issues presented above.
Several scholars have dealt with climate change impacts on specific types of geomorphosites. Diolaiuti and Smiraglia (2010) discussed the issue of glacial geomorphosites that are melting in a context of climate warming; they consider glaciers as a vanishing resource. The glacier recession provokes the formation of new landforms and landscape features, in particular an increase of debris-covered glaciers and thermokarst features (kettles, supraglacial lakes) or the generation of debris flows initiating in recently deglaciated glacier forefields. In this sense, glacier forefields are particularly well-suited areas for observing climate change impacts on the cryosphere and related landforms (Barboux et al. 2014) . In particular, the Forni glacier, in the Lombardy Alps, where a geotourist trail was equipped in the early 2000s, is becoming an »openair environmentalmuseumofdeglaciation« (Diolaiuti and Smiraglia 2010, 148) . Similar experiences (in-depth geomorphological survey associated with geotourism development) are carried out on the Miage Glacier, in the Italian Mont-Blanc massif (e.g. Bollati et al. 2013) . Garavaglia et al. (2010) demonstrated the interest of dendrochronological methods for studying glacier geomorphosites. Ravanel et al. (2014) also showed recently the great potential of using specific techniques (laser scanning) for measuring landform evolution in high-mountain active and sensitive geomorphosites. Bosson and Reynard (2010) combined several cartographic approaches (geomorphological mapping, geosystemic mapping, reconstruction of glacial stages) for communicating the dynamics of mountain environments to the managers of the Contamines-Montjoie natural reserve managers, in the Mont-Blanc massif. Nevertheless, research on the sensitivity of mountain geomorphosites to climate change still remains undeveloped. In particular, periglacial contexts are poorly addressed in a geotourist and geoconservation point of view, even if their sensitivity to climate change is actively studied. That is also the case of particularly active processes related to climate warming and extreme events, in particular debris flows. Educational programs in these kinds of sites (e.g. torrential systems) should be developed for specific publics such as tourists or scholars, as it was proposed by Garavaglia and Pelfini (2011) .
The relationships between natural hazards and geomorphological heritage has also been poorly addressed until now. Alcántara Ayala (2009) proposed a general discussion on these relationships, and Italian scholars developed a methodology to assess risk and geomorphological heritage along (geo)tourist trails (Piccazzo et al. 2007 , Coratza et al. 2008 , Pelfini et al. 2009 ). Several case studies focused on the importance of active geosites for explaining the dynamics of geomorphological processes in mountain environments (e.g. Pelfini et al. 2009; Garavaglia and Pelfini 2011; Pelfini and Bollati 2014) . Research on passive geomorphosites and past catastrophes are less developed. Recently, Coratza and De Waele (2012) discussed the importance of sites that were prone to natural hazards in the past for environmental education. They stressed that »importantlandmarksproducedbypasthazards,especiallyiftheyhaveanaesthetical appeal, may be important geomorphosites ideal to promote geological education« (Coratza and De Waele 2012, 195) . Nevertheless, they noted that only in very few cases (e.g. Vajont in Northern Italy) past catastrophes are included in large educational programs aimed at demonstrating the importance of the relationships between geology and society. Especially in tourist areas, authorities may be reluctant to communicate on past disasters as this could scare tourists. All these studies demonstrate that both active and inactive geomorphosites may be of interest for educating people (scholars, tourists, hikers) to the dynamics of mountain geomorphological processes, to the relationships between geology and society (in particular to the impacts of human infrastructures on the triggering of some catastrophes), and to the evolution of mountain risks through time. In this sense, several sites in the Alps could become hotspots for the education to natural hazards, even if at the moment this kind of educational and geotourist product is poorly developed.
Finally, one should stress the fact that human development has great impacts on the particularly sensitive mountain ecosystems. Some of these impacts are linked to the geological and geomorphological contexts. This is, in particular, the case of karstic environments, where pollution issues are related to the specificities of the karstic geomorphological features (Hobléa 2009 ). French and Slovenian scholars have been particularly active on these issues. Gauchon et al. (2006) and addressed questions concerning the protection of underground karst by using the concept of heritage resource. They stressed the fact that the protection of the endokarstic heritage needs to address territorial planning issues, involving people and communities living in areas quite distant to the areas to protect. In order to involve local populations in the management of their geomorphological heritage, Hobléa et al. (2011) developed the concept of »hybrid research«, that is a research protocol including scholars and local population in the experimentation. In particular, they tested this approach in tracing experiments to better understand underground water circulations. In this context, Erhartič (2010) addressed the issue of karstic features protection through a cartographic approach. In another paper , the geomorphologists of the Anton Melik Geographical Institute stressed the importance of managing geomorphosites in a dynamic way: the objective should be more to conserve (i.e. to allow the sites to evolve in the future) than to preserve them (i.e. to fix the sites in their present state).
This brief literature review shows how specific mountain geomorphosites could be equipped for developing education programs dealing with current environmental issues such as impacts of climate change on environmental processes, natural hazards management and mitigation, and environmental impacts of human activities (e.g. water pollution). Nevertheless, even if there is a great potential for this kind of educational activities, the Alps, and mountain ranges in general, lack at the moment of articulated programs for environmental education based on specific geomorphosites. In the next section, we develop the case of two sites -one at the regional scale (Dolomites), and one at the local scale (Tsanfleuron geomorphosite), where this kind of program could be developed.
Case studies

The Sassolungo Group, Gardena Valley, Dolomites (Italy)
The Dolomites -universally known for their scenic beauty and scientific interest and proclaimed in 2009 as a UNESCO »Word Heritage« site -make up a unique natural environment on our planet. The long and complex geological and geomorphological history of this region has created typical and spectacular landforms with huge vertical cliffs, whitish, silver or pink rock pinnacles and towers rising from green slopes made up of darker and brittle rocks, with woods, pastures and scattered hamlets. Due to their high geomorphodiversity (Panizza 2009 ), the Dolomites can be considered as a high-altitude field laboratory for research, development of geomorphological theories and understanding, as well as for the development of effective educational and dissemination strategies and activities (Bruschi et al. 2009 ).
The area, considered in the present study, is located in the southeastern portion of Gardena Valley, in particular in the upper part of the valley, mainly occupied by the Sassolungo Group (more than 3000 m). The area has a strong hiking-tourism vocation thanks to its spectacular high-mountain landscape and a dense network of hiking tracks. The well-developed network of hiking paths and slopes for many different climbing skills offer a lot of possibilities for high-mountain excursions. Permanent dwelling-places are absent with the exceptions of a few tourist structures nearby opened during certain periods of the year.
From a geological viewpoint, the Sassolungo Group is formed by limestone and dolomite formations referable to the Sciiliar Group (Upper Anisian-Lower Carnian). These correspond to dolomites and dolomitic limestones, very light pearl pink or whitish, in some rare cases reddish or greyish, in color, usually not stratified. The group is characterized by subvertical cliffs (up to 700 meters high) which make up the source of the thick scree deposits that are accumulated at the foot of the walls and join the cliffs to the more gentle slopes made up of darker and softer terrain, mainly consisting of Wengen Formation (Upper Ladinian).
This area, as with all the Dolomites, represents landscape mosaics, which express the summation of landscape histories and processes (Thomas 2001) , offering an almost complete educational open-air laboratory due to the variety and complexity of phenomena and processes taking place during present climate conditions and during recent geological periods. These mountains, due to the aggregation of relict, recent and active landforms constitute an outstanding geoheritage, suitable for educational and tourist purposes. Landforms typical of past morphoclimatic conditions (passive geomorphosites) share the stage with forms and processes active in the current morphoclimatic conditions (active geomorphosites); their spatial and geometrical relationships may be sufficient to trace a relative time-line of the geomorphological history of the area. That history represents an important piece of information: as cities are visited by tourists thanks to their historical heritage (monuments etc.), the landscape also has its own historical heritage (geosites and geomorphosites) to be discovered, understood and therefore appreciated (Coratza et al. 2008) . As in all the Dolomites, structural and geological characteristics represent the main factors controlling the landscape of the area (Coratza et al. 2005) . Depending on the lithology, different litho-structural forms have developed: dolomitic outcrops have been highly fractured under tectonic pressure, developing large and deep channels that cut through the massifs and a dense network of several fracture systems that amplify cryogenic processes. Several glacial landforms are present in the valley, showing the presence and the activity of ancient glaciers (Figure 1) . Worthy of note are the well preserved glacial cirques located in the northern slope of Sassolungo Group, at the Sasso Levante and near Punta Dantersas at about 2740 m, as well as rochesmoutonnées located in the eastern slope of Sassopiatto.
The gravity-induced slope landforms and processes are the most recurrent geomorphological features active since the end of the Lateglacial within the area (Figure 2 ). The water of snow melting and heavy rain- PAOLA CORATZA fall, occurring mainly between June and September, together with the wide availability of frost shattering material, cause concentrated runoff ditches, debris flows and active talus and scree slopes, partially covering traces of palaeforms related to periglacial and glacial processes. Moreover, several spectacular falls and topples detaching from over 2000m high peaks of Sassolungo Group are clearly visible and witness the dynamicity of processes in the area. Among the most evident rock-fall accumulations and talus cones, worthy of notice are those located on slopes at the base of the dolomite massif of Sassolungo Group, crossed by a well-frequented hiking track.
The landforms and processes active in the current morphoclimatic conditions may be responsible for hazards, which might threaten the safety of visitors and tourists (Brandolini et al. 2006; Pelfini et al. 2009; Bollati et al. 2013; Pelfini and Bollati 2014) . In particular, fast-occurring processes might directly involve tourists in proximity to the sites of interest or along access roads and footpaths. By examining the chronicles of accidents that occurred in Alpine areas during the past few years, it results that debris flows and falls are the processes, which should be taken into account more than any other. This is true essentially for three reasons: the first is the very close link between these natural phenomena and extreme meteoric events, which now take place with extremely irregular recurrence and higher frequency than in the past; the second reason is linked to the considerable velocities that a mass of debris can attain, thus also threatening people moving fast in the surroundings; the third reason concerns the difficulty of identifying the source areas of these disarray phenomena.
Therefore, this area constitutes an outstanding open-air laboratory suitable for developing new ways and strategies to educate hikers to the dynamicity of mountains environments and to natural geomorphological risks, favoring an easy understanding of the landscape and of its hazards and a responsible and safe fruition of high-mountain tourist areas.
The Tsanfleuron glacio-karst, Western Swiss Alps
The Tsanfleuron glacio-karstic geomorphosite is one of the largest karstic areas of the Swiss Alps. It is characterized by a complex combination of karstic and glacial processes, unique at the country scale, which makes it a rare and unique geosite in the Swiss Alps (Reynard 2008) . These specificities have attracted Swiss and foreign researchers for the last 40 years, which makes the site one of the most studied and documented karstic sites in the Western Swiss Alps. This is one of the reasons why in 2006, the French Association of Karstology visited the area during its annual field trip ). The karst is inscribed in the list of Swiss geosites for the unique combination of karstic and glacial landforms.
The Tsanfleuron karren field belongs to the Helvetic nappes and consists of Jurassic to Palaeogene sedimentary rocks ). The nappe forms a vast anticlinorium, with Tertiary limestones outcropping in the downstream part and Cretaceous Urgonian limestones outcropping in the upper part. The latter is characterized by the presence of a glacier that is retreating very quickly, and allows a large set of glaciokarstic landforms (Nye channels, glaciokarstic depressions, carbonate precipitation microforms, etc.) to be visible. The combination of limestone outcrops and a network of pro-and subglacial streams creates complex underground water circulations and impacts on the protection of springs captured for drinking water supply (Savoy et al. 2008) .
The diversity of karstic and glacial landforms (Figure 3) , the fast retreat of the Tsanfleuron glacier (Reynard 2006; Martin 2013) , and the complexity of water circulations have induced the University of Lausanne to select this site as a hotspot for mountain geomorphology research, but also for the development of an educational program (Reynard 2008) on the mountain geomorphology and its sensitivity to climate change and to human impacts on the karstic environment (in particular water circulations). An educational brochure was produced, as well as a geotourist map (Martin and Reynard 2009 ) and an educational product -called »Rocks and Water« -was specifically dedicated to school children of the middle schools in the region. An interactive application -showing, in particular, the fast retreat of the glacier and also some glacial processes such as glacial erosion -was also created.
All these geotourist and educational products aim at developing a better understanding of current geomorphological processes in a high-mountain changing environment. A survey among the users (Martin 2013) shows that even if they are well illustrated with good-quality figures and maps, the message of such products remains still a little bit too difficult for users without specific knowledge in geosciences. This kind of realization should, therefore, be developed taking better into account the knowledge of the potential public (Martin 2013 ).
Conclusion
Mountain geomorphological features are often very impressive and aesthetic, and geomorphological processes are active and very visible in the landscapes. For all these reasons mountain geomorphosites seem to be particularly interesting sites for developing educational activities on environmental issues such as fast changing environments due to climate warming, natural hazards or human impacts on sensitive environmental sites. Nevertheless, at the moment, few sites have clearly been used for developing these kinds of activity. This is one of the objectives of the Working group on geomorphosites of the International Association of Geomorphologists (IAG) for the period 2013-2017.
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